Low dietary folate intake has been implicated as a risk factor for depression. However, observational epidemiological studies are plagued by problems of confounding, reverse causality and measurement error. A common polymorphism (C677T) in MTHFR is associated with methyltetrahydrofolate reductase (MTHFR) activity and circulating folate and homocysteine levels and offers insights into whether the association between low folate and depression is causal. We genotyped this polymorphism in 3478 women in the British Women's Heart and Health Study. In these women, we looked at the association between genotype and three indicators of depression; ever diagnosed as depressed, currently taking antidepressants and the EuroQol mood question. We also carried out a systematic review and meta-analysis of all published studies which have looked at the association between MTHFR C677T genotype and depression. In the British Women's Heart and Health Study, we found evidence of an increased risk of ever being diagnosed as depressed in MTHFR C677T TT individuals compared with CC individuals, odds ratio (OR) 1.35(95% CI: 1.01, 1.80). Furthermore, we identified eight other studies, which have examined the association between depression and MTHFR C677T. We were able to include all of these studies in our meta-analysis together with our results, obtaining an overall summary OR of 1.36 (95% CI: 1.11, 1.67, P = 0.003). Since this genotype influences the functioning of the folate metabolic pathway, these findings suggest that folate or its derivatives may be causally related to risk of depression.
Introduction
Biological and epidemiological evidence indicates that folate may be an important risk factor in depression. There are several mechanisms by which folate could affect the central nervous system pathways and lead to depression. Folate is a co-factor in the metabolic pathway leading to the synthesis of serotonin and other neurotransmitters, it decreases homocysteine level, which seems to have a excitotoxic effect via Ca 2 þ glutamate brain receptors and folate is essential for the biosynthesis of S-adenosylmethionine (SAM), a compound with antidepressant properties. [1] [2] [3] Several epidemiological studies have reported associations of folate and its derivatives with depression. 3, 4 However, these findings may reflect poor diets among depressed individuals or may be the result of confounding by other factors, such as alcohol intake, socioeconomic position and physical activity, which are associated with depression. Three small clinical trials have also shown preliminary evidence that supplementation with folate may have a therapeutic effect on depression either alone or with standard antidepressants. 5, 6 Depression is common and an important cause of morbidity and mortality and supplementation with folate is relatively cheap and safe, therefore the elucidation of folate as a risk factor for depression is likely to have important public health consequences. There were over 25 million antidepressant prescriptions last year in England (www.ppa.org.uk) and since depression is a chronic condition many individuals with depression require repeat episodes of treatment and/or respond poorly to antidepressant medication. 7 Thus, any potential means of preventing or improving the treatment of this illness are attractive. Advice on folic acid supplementation is already given to expectant mothers to reduce risks of neural tube defects and could be extended to the general population if shown to be beneficial. There is debate in the UK as to whether there should be compulsory cereal fortification as in the USA and Canada. 8, 9 A stronger case for fortification would be made if folate intake were also found to be associated with additional health benefits for the whole population, including the reduction of depression.
The enzyme methyltetrahydrofolate reductase (MTHFR) metabolizes folate and in doing so produces a methyl donor for the synthesis of methionine from homocysteine, and the precursor of S-adenosyl-Lmethionine. A common genetic variant in the MTHFR gene has been identified in which a C to T substitution at position 677 leads to an amino-acid change from alanine to valine, resulting in a thermolabile variant of the enzyme, which has approximately 30% of the wild-type enzyme activity. MTHFR C677T TT homozygotes have been shown to have higher homocysteine levels compared with CC homozygotes, levels in heterozygotes appear to be intermediate between the two. 10 Several polymorphisms of genes involved in folate/homocysteine metabolism have been investigated for their effect on homocysteine level, but the most consistent and largest effect is observed for MTHFR C677T.
11-13
The association between a polymorphism and disease is not normally subject to the problems of confounding and reverse causation inherent in looking at associations between lifestyle factors and disease, 14 thus an association between MTHFR C677T and depression will add to the evidence implicating folate or its metabolites in this condition. Maternal folate intake during pregnancy is now an established risk factor for neural tube defects, and an association between the MTHFR C677T polymorphism and neural tube defects has been found comparing the mothers of cases and mothers of controls, but not when comparing the fathers. 15 This suggests that the principle of using MTHFR C677T as a surrogate for measuring folate levels can produce valid inferences.
A number of studies have examined the association between MTHFR C677T and depression but most have been small and as a consequence have produced imprecise estimates. [16] [17] [18] [19] [20] [21] [22] [23] We have looked at the association between the MTHFR C677T polymorphism and three indicators of depression in the British Women's Heart and Health study, a population-based sample of 3487 women. Further, we have carried out a systematic review of all studies to date that have examined the association between MTHFR C677T and indicators of depression and have combined our results from the British Women's Heart and Health Study with those from other studies in a metaanalysis, to provide an overall estimate of the association.
Methods

Participants
Full details of the selection of participants and measurements used in the British Women's Heart and Health Study have been previously reported. 24 Between 1999 and 2001, 4286 women aged 60-79 years, who were randomly selected from 23 British towns were interviewed, examined, completed medical questionnaires and had detailed reviews of their medical records. 24 
Measurements
Three indicators of depression were used: current use of antidepressant medication, self-report of ever being diagnosed by a doctor with depression and the EQ5D (EuroQoL -http://www.eur.nl/bmg/imta/eq-net/ EQ5d.htm) mood question. Participants brought all of their medications to a nurse interview. Medications were coded using the British National Formulary (http://www.bnf.org/). Participants whose response to the EQ5D mood question was that they were 'today feeling either moderately or extremely anxious and/or depressed' were coded as depressed.
Weight and height were measured using standard procedures and were used to calculate body mass index; obesity was defined as a body mass index greater than or equal to 30 kg/m 2 . Participants were asked to report the longest held occupation of their father during their childhood and their own and husbands longest held occupation. These were used to derive occupational social class of the participant's father and the head of household during her adulthood using the UK Registrar General's Classification (Social class I -professional; II -managerial/ technical; IIInm -skilled non-manual; IIIm -skilled manual; IV -partly skilled manual; V -unskilled manual). Data on smoking (classified as never, past, current -including those who said they had quit smoking in the 6 months period prior to assessment), frequency of alcohol consumption (daily or most days, weekends only, once-twice a month, special occasions only, never; in the analyses, the last two categories were combined) and physical activity (categorized as < 2, 2-3, X3 h per week of either moderate or vigorous activity) were obtained from the interview or questionnaires.
DNA was extracted by salting out procedure. 25 Genotyping was undertaken by KBioscience Ltd (www.kbioscience.co.uk), who use their own form of competitive allele-specific PCR system (KASPar) and Taqmant, for SNP analysis.
Statistical analysis
Assumptions of Hardy-Weinberg equilibrium were formally tested using a likelihood ratio test. Prevalences (for dichotomous variables) and means (for continuous variables) are presented by genotype. ANOVA was used for testing differences between genotypes for continuous variables, and w 2 tests were used for testing differences between genotypes for dichotomous variables. Logistic regression models were used for assessing genotype associations with depression. We made no a priori assumptions of the genetic model for disease risk. However, our results suggested a co-dominant model and hence we computed a test for trend across the three genotypes. Logistic regression models were performed with and without adjustment for BMI, because MTHFR C677T was found to be associated with obesity in this study.
Robust standard errors, which take into account possible non-independence between women from the same town, were used in these logistic regression analyses to estimate confidence intervals and Pvalues. All analyses were conducted using Stata version 8.
Study ethics
Local ethics committee approvals were obtained for the British Women's Heart and Health Study. Participants were asked for informed consent to review their medical records and for permission to perform anonymized genetic tests on stored blood. Eight women declined to give consent and have not been included in this study.
Systematic review and meta-analysis
Papers published prior to August 2005 were identified through a search of Medline (www.ncbi.nlm.-nih.gov), PsycInfo (www.psycinfo.com), ISIS web of knowledge (http//:wok.mimas.ac.uk) and google (www.google.com) using the following search terms: 'Depression' and 'MTHFR' or 'methylenetetrahydrofolate reductase'. A cited reference search of retrieved articles was carried out, and publications were also identified by review of the bibliographies of retrieved articles. All articles reporting on MTHFR genotype among individuals with current or past depression and unrelated controls were included in the systematic review. A meta-analysis was carried out using data on genotype distribution relative to an outcome of depression, either from publications or following correspondence with the authors. Unadjusted odds ratios (ORs) were calculated for TT, and then CT, versus CC genotypes. As the different studies were carried out on diverse populations and had used different methods for assessing depression, we anticipated heterogeneity and undertook a random effects meta-analysis. 26 The influence of method of defining depression (clinical interview versus self-administered questionnaire) was assessed using meta-regression. 26 We assessed small study bias, indicating publication bias, by computing both the Egger and Begg's tests. 26 We undertook three meta-analyses including in turn results of the association with each of the three different measurements of depression in the British Women's Heart and Health Study.
Results
In the British Women's Heart and Health Study of the 4278 participants who gave consent for genetic testing, 15 (five Afro-Caribbean, eight South Asian and two other) were defined by the examining nurse as being of non-European origin and have been excluded from further analysis. Of the remaining 4263 women, 441 had either no blood samples taken or had insufficient blood taken for all analyses and did not have a K-EDTA sample for DNA extraction. Of the remaining 3822 women, DNA was successfully extracted on 3545 (93%). Genotyping reactions failed or were unclear for just 58 (1.6%) subjects. X-Y plots of allele 1 and allele 2 fluorescence signal for each subject fell distinctly into three clusters for the remaining 3487 women (who comprised 81.5% of the total participants). Mean age and the prevalence of the three indicators of depression did not differ between the 3487 with genotypic data and those women without these data (all P-values > 0.5).
In total, 1565 (44.9%) of the women were homozygous for the major allele (CC), 1520 (43.6%) were heterozygous (TC) and 402 (11.5%) were homozygous for the minor allele (TT). The relative frequency of the T allele was 0.33. There was no evidence of departure from Hardy-Weinberg equilibrium. Table 1 shows the relationship of characteristics that could potentially confound an association between folate and depression to genotype. As one would expect from the random allocation of genotype at gamete formation, genotype was not associated with mean age, childhood or adulthood social class, smoking, physical activity or alcohol consumption. Mean BMI did not vary by genotype but possession of a T allele was associated with increased probability of being obese. In an analysis of genotype frequency by longitude and latitude of place of birth, the MTHFR C677T genotype was shown not to vary by geographical location in the UK (results not shown). The prevalence of ever having been diagnosed with depression in this study was 15.6% (n = 545), 11.5% (n = 401) were using antidepressants at the time of interview, and 22.7% (n = 790) responded positively to the Euroquol mood question. The overlap between the three indicators of depression is shown in Figure 1 with 4.2% (n = 147) of women responding positively to all three. There was a linear trend of increasing prevalence of reporting ever being diagnosed with depression with each additional T allele (Table 2) , with a crude OR of 1.20 (95% CI: 0.99, 1.46) for CT versus CC genotype and an OR of 1.35 (95% CI: 1.01, 1.80) for TT versus CC genotype. The prevalences of responding positively to the Euroquol mood question and of taking antidepressants were also marginally higher among women with the TT genotype than among those who were homozygous for the major C allele. However, aside from the association of the CT genotype with the Euroquol mood question, the genotype associations for these outcomes were weak and the 95% confidence intervals included the null value. The OR for TT versus CC for individuals who responded positively to all three indicators of depression (N = 147) was 1.56 (95% CI: 0.94, 2.59). Adjustment for BMI made no meaningful difference to any of the genotype depression associations.
Eight other, mostly small studies (Table 3 ) totaling 696 cases have looked at associations between the MTHFR C677T polymorphism and risk of depression, determined by various different methods. [16] [17] [18] [19] [20] [21] [22] [23] The largest of these studies found an OR of 1.63 (1.05-2.53) for risk among TT versus CC homozygotes after adjustment for age and sex, 21 findings which were supported by two further small studies. A random effects meta-analysis of TT versus CC homozygotes gave an OR of 1.37 (1.03-1.82, P = 0.03) for these eight studies.
A meta-analysis of all studies, including the British Women's Heart and Health study (BWHHS), using ever diagnosed with depression as the depression indicator, included 1241 cases of depression and (Figure 2 ). The OR for CT versus CC genotypes was 1.14 (95% CI: 0.89-1.47, P > 0.05), with evidence of between-study heterogeneity (w 2 = 17.5 P = 0.02, I 2 = 54.2%). When a positive score on the Euroquol mood question was used as the indicator for the BWHHS, the OR for the TT versus CC genotype was 1.23 (95% CI: 1.02, 1.49, P = 0.04), and for CT versus CC the OR was 1.14 (95% CI: 0.89-1.46, P > 0.05). When taking antidepressants was used as the indicator, the OR for TT was 1.23 (95% CI: 0.99, 1.53, P = 0.06) and for CT it was 1.08 (95% CI: 0.85,1.39, P > 0.05). An Egger test and a Begg test provided no strong evidence that TT effect estimates, using diagnosed depression as the outcome in the BWHHS, were related to study size (P = 0.95 and P = 0.85 respectively), providing some reassurance that publication bias has not distorted the findings. There is strong evidence from meta-analyses of genetic association studies that the first published study typically indicates a far greater effect size than is subsequently reported. This appears to be the case here, and so the meta-analysis was re-run, using ever diagnosed with depression as the depression indicator in the BWHHS, and excluding the first published study. The results did not change substantially the OR for CC versus TT genotype, which was 1.31 (95% CI: 1.06-1.61) and for CT versus TT genotype was 1.21 (95% CI: 0.91-1.61). A meta-regression analysis showed no influence of method of defining depression on outcome (P = 0.89) (this was essentially a comparison of studies which used clinical interview versus those which used self-report). Further, a metaanalysis including only studies which included a psychiatrist diagnosis, although based on a small number of cases (n = 412), gave an OR of very similar magnitude 1.40 (95% CI: 0.92, 2.13).
Discussion
We found evidence of an association between the MTHFR C677T TT genotype and risk of depression both in the British Women's Heart and Health Study and in a meta-analysis of all such studies published to date. The greatest increase in risk associated with depression in the BWHHS occurred when the diagnosis of depression was most stringent and limited to those responding positively to three measures of depression. The risk associated with being heterozygous at this locus is intermediate between the risk for TT and CC homozygotes, suggesting a co-dominant mode of inheritance, and is consistent with the differences in homocysteine levels between these genotypes. 10, 15 Aside from the finding that this gene may confer susceptibility to depression, this result points towards folate or its derivatives as important factors in predicting risk of depression, since the MTHFR C677T influences the function of the folate metabolic pathway, and results in differences in serum homocysteine and folate levels. 10 
Study limitations
Genotypic data were available on 81% of the total cohort but those without these data did not differ with respect to age or indicators of depression from those with these data. In addition, the proportion of current and past smokers in this study, together with the odds ratio . distributions of other characteristics including body mass index, cardiovascular disease and social class, are consistent with those of a nationally representative sample of English women of a similar age, as reported in the health survey for England, and therefore indicate that this study is representative of the target population. 27 Our study is cross-sectional, but reverse causality could not explain the association between genotype and depression and the similarity of mean age across genotypes suggests that survivor bias is unlikely to have influenced our results. Because our study did not set out a priori to collect cases of depression, our assessment of depression was based on self-report of past diagnoses, current mood and current medication use rather than clinical assessment with international diagnostic criteria. Thus, we are likely to have included some women who are not clinically depressed in our case groups and missed some true cases. However, a large proportion (68.3%) of women who had reported that they had been diagnosed with depression, were also taking antidepressants at baseline and/or answered positively to the mood questionnaire. All our indicators of depression show an association with MTHFR C677T in the same direction, which suggests that the results reflect real associations and not false positives due to multiple testing. This interpretation is further strengthened, by the finding that the greatest increase in risk by genotype was apparent among women who responded positively to all three indicators, and these are the women who are most likely to be clinically depressed. The association with use of antidepressants was particularly weak, which could be because antidepressants in this age group are used to manage other conditions in addition to depression, such as generalized fatigue, agitation or drooling, which would attenuate the association. Similarly, the Euroquol mood questionnaire also captures general unhappiness in addition to anxiety and depression. A further indication that the results for the BWHHS are not importantly biased by our outcome measure is that our results are consistent with those of other studies using international diagnostic criteria (Figure 1) .
Confounding by population admixture is a potential problem in genetic association studies, and is particularly relevant to this analysis as the propensity to report depressive symptoms and be treated for depression varies across ancestral and social groups, and small effects could result from bias such as this. However, the analysis of the BWHHS excluded individuals of non-European origin and found no association between MTHFR C677T genotype and place of birth. In addition, there was no evidence that the distribution of this genotype differed by socioeconomic status.
In the meta-analysis, we combined studies that were carried out in diverse populations and that measured depression using different methods. The total number of cases in the previous studies was small, the largest of which, like the BWHHS, did not use a clinical diagnosis of depression. Limiting the meta-analysis to those studies which used psychiatrist diagnosis reduces the power of the meta-analysis to detect an effect, although the association with genotype is in the expected direction and of similar magnitude.
Is folate causally related to depression? Although associations between low folate levels and depression have been reported previously in epidemiological studies, 3, 4 associations may be confounded as individuals with low folate may also be more likely to be from less favourable socioeconomic backgrounds, be heavy alcohol consumers or be less likely to exercise. The observed association between low folate and depression could also be due to reverse causality as depressed people may have a reduced dietary folate intake. Further, there is substantial error in the measurement of folate, and intake at a particular time point may not be a good indicator of average lifetime exposure to folate. In two studies of breast cancer and folate intake, the intraclass correlation coefficient for folate intake measured on two occasions was 0.36, 28 and for folate measured by food frequency questionnaire compared with 24 h recall was 0.26. 29 There are promising results from small preliminary randomized controlled trials of folate supplementation and depression. Two trials assessed the use of folate in addition to other treatment, and a meta-analysis of these studies found that adding folate reduced Hamilton Depression Rating Scale (HDRS) scores on average by a further 2.65 points (95% CI: 0.38, 4.93). 5, 6 In contrast to traditional epidemiology, reverse causality cannot explain the association between genotype and depression, since genotype is fixed at birth.
14 Also, as genotype is determined randomly at conception, the factors that commonly confound associations with environmental or behavioural exposures, such as dietary intake of folate, do not confound genotype-depression associations.
14 This principle of Mendelian randomization 14 is demonstrated in Table 2 , which shows that MTHFR genotype is not associated with socioeconomic position or behavioural risk factors. The association with obesity, which has been demonstrated in a previous study, may be a chance finding or may be a biological effect of MTHFR C677T. 30 The MTHFR C677T genotype will give an indication of lifetime differences in exposure to folate. Further, the error rate in the measurement of genotypes is extremely low. 31 Assay data clustering indicates high precision of data calling, with only 1.6% of reactions being of uncertain genotype or failing completely and therefore excluded from analysis.
Although it is unclear how the folate metabolic pathway may lead to depression and whether this is due to effects of folate, homocysteine or SAM, homocysteine is a good biomarker of pathway functioning. Individuals possessing the C677T CC genotype have homocysteine levels which are on average 2.6 mmol/l lower than those with the TT genotype.
32 A 3-4 mmol/l reduction in homocysteine levels has been shown to be achievable by supplementation with at least 0.5 mg folic acid. 33 On the basis that the association between genotype and depression is causal, and taking the effect of genotype on homocysteine as an indicator of its biological effect, the summary OR of 1.36 from the meta-analysis of the TT versus CC genotype is equivalent to an OR of 1.43 for a 3 mmol/l increase in homocysteine (calculated by raising 1.36 to power 3/2.6), or a 43% increase in risk. A difference in homocysteine of this magnitude could potentially be corrected with folate supplementation, thus if the biological effect of MTHFR genotype with respect to depression is of similar magnitude to the effect of MTHFR genotype on homocysteine, a meaningful reduction in depression should be produced by folate supplementation. Although confidence intervals around our estimates are relatively wide, and are subject to the limitations described above, this represents an important public health finding as it may be possible to reduce the prevalence of depression simply by nutrient supplementation. Further large genetic and intervention studies are required to confirm this finding and provide more precise estimates of this relationship. 34 The role of folate supplementation should be evaluated with respect to overall predicted health effects of such supplementation.
